Introduction
============

In embryonic stem (ES) cells, Oct-4, Sox-2, and Nanog are the core triad that maintains the pluripotent state. Interestingly, cancer cells may usurp some of these transcription factors for their own use, as numerous studies have demonstrated re-expression and, in some cases, the functional importance, of embryonic genes in neoplastic growths.[@R1]^-^[@R24] For example, Nanog protein,[@R1]^,^[@R2]^,^[@R8]^-^[@R10]^,^[@R13]^,^[@R14]^,^[@R20]^,^[@R22]^-^[@R24] and mRNA[@R3]^-^[@R5]^,^[@R8]^,^[@R9]^,^[@R11]^-^[@R16] expression has been reported in various cancers and implicated in regulating cancer cell properties. Several caveats are associated with many of these studies. First, the specificity for the majority of commercially available anti-Nanog antibodies remains uncharacterized. Therefore, it is unclear whether the putative Nanog protein band shown on western blotting (often a cropped strip) or the Nanog protein shown in immunohistochemistry (IHC) truly represents the Nanog protein. Second, rigorous studies,[@R9]^,^[@R13]^-^[@R15]^,^[@R24] employing differential RT-PCR combined with sequencing and differential sensitivity to the restriction enzyme AlwN1, have demonstrated that somatic cancer cells preferentially express the transcript of a retrotransposed *Nanog* gene called NanogP8 (Chr. 15q14). In fact, our own studies have shown that the *Nanog1* locus (i.e., the "parental" gene located on Chr. 12p13.31 and expressed in ES cells) is silenced in somatic cancer cells.[@R9] Making the distinction between *Nanog1* and *NanogP8* is important, because the two transcripts are derived from separate genomic loci and have differences at the nucleotide sequence levels. Unfortunately, many early studies did not make such a distinction.

Third, many previous studies have been merely correlative without probing the functional importance of NanogP8 expression in cancer cells. Using human prostate cancer (PCa) as a model, we have shown[@R9] that: (1) NanogP8 protein is expressed as a gradient in PCa cells with readily detectable nuclear NanogP8 staining in only a small fraction of PCa cells; (2) NanogP8 protein-expressing cells are increased in primary PCa compared with matching benign tissues; (3) *NanogP8* mRNA and NanogP8 protein are enriched in CD44^+^ and CD44^+^CD133^+^ primary PCa cells; (4) shRNA-mediated knockdown of *NanogP8* inhibits tumor regeneration of prostate, breast, and colon cancer cells; and (5) the tumor-inhibitory effects of *NanogP8* knockdown are associated with inhibition of cell proliferation and clonal expansion of tumor cells and disruption of differentiation. Our recent studies have demonstrated that inducible NanogP8 expression in bulk PCa cells is sufficient to confer on CSC properties and promotes androgen-independent PCa growth,[@R15] and that NanogP8 is enriched in undifferentiated (PSA^−/lo^) PCa cells, and its knockdown significantly retards the development of castration-resistant PCa.[@R25] Our studies[@R9]^,^[@R15]^,^[@R25] point to potential pro-oncogenic functions of NanogP8.

Nonetheless, whether cancer-specific NanogP8 has any biological (or oncogenic) functions in vivo (i.e., in an intact organism) remains unanswered. Here, we sought to address this question by establishing transgenic mouse models in which human PCa-derived *NanogP8* is expressed in the cytokeratin 14 (K14) cellular compartment, mainly because K14 is expressed in the basal cell layer of multiple epithelial organs (including the prostate) that is known to harbor stem/progenitor cells. Surprisingly, the K14-NanogP8 mice manifest many developmental defects and do not develop spontaneous tumors even after an extended period of time. More unexpectedly, high levels of NanogP8 expression in K14-NanogP8 mice renders the animals resistant to tumor development in a two-stage skin carcinogenesis protocol. Further mechanistic studies link these unexpected phenotypes to impaired stem cell development and abnormal cellular differentiation induced by NanogP8 overexpression.

Results
=======

Generation of K14-NanogP8 transgenic (Tg) mice and characterization of transgene expression
-------------------------------------------------------------------------------------------

Transgenic expression of Oct-4 causes proliferative and dysplastic lesions in fast renewing tissues such as the skin and small intestine due to a block in stem/progenitor cell differentiation.[@R26] Similarly, Tg expression of Sox2 in the mouse lung causes prominent hyperplasia of airway and alveolar epithelium and lung carcinomas.[@R27] To explore the potential "oncogenic" functions of NanogP8 in vivo, we placed NanogP8 expression under the control of the human keratin 14 (K14) promoter.[@R28] K14 is expressed in the basal epithelial cells of stratified and pseudostratified epithelial organs including the prostate, which our lab has been focusing on. K14 is also known to be expressed in epithelial components of the thymus and lung (see below). We injected the transgene construct ([Fig. 1A](#F1){ref-type="fig"}) into a total of 1072 embryos and obtained 92 live pups. Of these, 4 were potential Tg founders, as determined by PCR for the transgene ([Fig. 1B](#F1){ref-type="fig"}) and IHC staining of tail clips for NanogP8 protein using several anti-NanogP8 antibodies ([**Table S1**](#SUP1){ref-type="supplementary-material"}). (Note that the predicted NanogP8 protein is \~99% identical to the ES cell-specific Nanog1 protein. Hence, most anti-Nanog1 antibodies tested react well with the NanogP8 protein in cancer cells. Consequently, we often term the Nanog1/NanogP8 proteins simply as Nanog). Of the 4 potential Tg founders, one died at P14, and another did not transmit the transgene. The remaining two K14-NanogP8 transgenic mice passed the transgene in the germline and were used to found two lines, designated line 1 (L1) and line 3 (L3), which were used in all subsequent studies.

![**Figure 1.** K14-NanogP8 transgenic animals and their gross phenotypes. (**A**) Schematic of the K14-NanogP8 transgene construct. The human K14 promoter[@R25] was used to drive the expression of NanogP8 cDNA cloned from the HPCa5 primary prostate tumor.[@R14] A \~600 bp rabbit β-globin intron 2 (In2) sequence was used to promote correct transgene processing and expression.[@R23]^-^[@R25] Restriction enzyme sites are indicated. (**B**) An example of PCR genotyping using genomic DNA from ear punches. The positive \~300 bp transgene band was detected using the forward primer located in the b-globin intron and reverse primer in the NanogP8 cDNA. Genomic b-casein PCR was used as internal control. (**C**) Epidermal lysate from one-day old WT and L1 Tg animals was used in western blotting analysis of NanogP8 with an anti-human Nanog Ab (\#3580, Cell Signaling, [**Table S1**](#SUP1){ref-type="supplementary-material"}). Animal numbers are indicated on top. Animals 1211, 1214, and 1215 were Tg animals and all the rest were non-Tg animals (verified by genotyping). (**D**) Western blotting of NanogP8 in adult L1 Tg mouse tissues. Whole-cell lysate prepared from 3-mo-old L1 Tg animal tissues/organs as indicated (f. stomach, forestomach; sm. int., small intestine) was used in western blotting as above. The arrow points to the \~42-kD NanogP8 band and the asterisk indicates the \~35 kD band seen in the liver, kidney, and prostate. The blot was reprobed for β-actin (lower panel). (**E**) Whole-cell lysate prepared from tissues in a 3-mo old L1 Tg animal was used in western blotting of NanogP8 and the blot was reprobed for β-actin. (**F**) Whole-cell lysate prepared from L1 (6 mo old) and L3 (4-mo-old) Tg epidermis was used in western blotting of NanogP8. Note that the L1 Tg epidermis expressed the highest NanogP8 protein and the L3 animals (animal numbers indicated) that had cataracts (catar.) expressed higher levels of NanogP8 than the ones that did not. (**G**) Adult mouse tissues expressed little or only low levels of endogenous mouse Nanog (mNanog) protein. Whole-cell lysate from the indicated tissues of a 3-mo-old WT mouse was used in western blotting with an antibody specific for mouse Nanog (Abcam, \#70482; Table S1). Human embryonal carcinoma (N-tera) cells were used as a "negative" control. (**H**) Litter sizes in the WT and L1 F1 Tg animals. (**I and J**) Smaller body sizes of the L1 Tg animals. Shown in I are images of two pairs of WT and L1 Tg animals at P5 and p14, respectively. Shown in (**J**) is quantitative presentation of body weight vs. age. Note that from wk 2 and onwards both Tg males and females are significantly smaller than the age- and sex-matched WT animals (*P* \< 0.05; Student *t* test). (**K**) Gross animal hair phenotypes. (**A-C**) The L1 adult (3-mo) Tg mice have rough and sparse hair coat (**B and C**) compared with WT animal (**A**). (**D and E**) An example of curly whiskers in a L1 Tg animal (3 mo), which also showed ocular abnormalities. (**F**) A L3 Tg animal (4 mo) showing sparse hair coat and curly whiskers.](cc-12-2395-g1){#F1}

K14 is expressed primarily in the skin with weaker expression in other stratified epithelium, including the basal cell layer of the prostate. IHC staining of tail clips (not shown) and western blotting analysis of multiple tissues/organs ([Fig. 1C--F](#F1){ref-type="fig"}) revealed that the L1 animals expressed higher levels of NanogP8 protein (\~42 kD) than the L3 animals. In L1 Tg animals, NanogP8 was most highly expressed in the skin; however, lower levels of expression were seen in the prostate, tongue, thymus, and forestomach ([Fig. 1D--E](#F1){ref-type="fig"}). There was prominent transgene expression in the lung ([Fig. 1D](#F1){ref-type="fig"}), similar to what we observed with K5-driven large T expression in the lung.[@R29] This was likely due to the expression of K5/K14 in pseudostratified epithelium of the trachea and bronchi.[@R30] Ovary, small intestine, kidney, liver, spleen, and pancreas did not show detectable transgene expression ([Fig. 1D--E](#F1){ref-type="fig"}). An immunoreactive \~35-kD protein was highly expressed in the liver and had more moderate expression in the kidney and prostate ([Fig. 1D](#F1){ref-type="fig"}, asterisk). This might represent degradation product of NanogP8 or endogenous mouse Nanog protein. Western blotting using a species-specific anti-mouse Nanog antibody ([**Table S1**](#SUP1){ref-type="supplementary-material"}) detected the 42-kD Nanog protein in mESCs but not in human embryonal carcinoma (N-tera) cells ([Fig. 1G](#F1){ref-type="fig"}). The mouse liver and kidney showed several faintly immunoreactive bands at 35--42 kD ([Fig. 1G](#F1){ref-type="fig"}), some of which might be endogenous mouse Nanog protein species. Unexpectedly, adult L3 animals expressed the transgene at two different levels ([Fig. 1F](#F1){ref-type="fig"}).

Gross phenotypes of K14-NanogP8 mice
------------------------------------

Gross phenotypes correlated with the transgene expression levels, with L1 mice showing more marked abnormalities than L3 mice ([Fig. 1H--K](#F1){ref-type="fig"}). The L1 founder, which had wrinkled skin and sparse hair (not shown), generated small litters (5.3 pups/litter; n = 7 litters) ([Fig. 1H](#F1){ref-type="fig"}). L1 F1 Tg animals were small ([Fig. 1I and J](#F1){ref-type="fig"}) and had wrinkled skin and sparse hair ([Fig. 1K](#F1){ref-type="fig"}). Most (\~70%) L1 F1 mice died within \~1 wk after birth, and those F1 Tg animals that survived past \~2 wk remained smaller than WT littermates ([Fig. 1I](#F1){ref-type="fig"}). F1 mice also produced small litters of both sexes (6.1 pups/litter, n = 8). Increasing numbers of L1 F2 mice survived past 2 wk, possibly due to partial transgene silencing. F2 animals also had small litters (6.1 pups/litter; n = 10). The L1 F1/F2 mice that survived beyond 1 mo of age had decreased body size ([Fig. 1J](#F1){ref-type="fig"}), sparse fur, curly whiskers, and small eyes ([Fig. 1K](#F1){ref-type="fig"}). They developed cataracts with 100% penetrance (see below). In contrast, the L3 F1 progeny, which expressed lower levels of transgene, were essentially normal, except that the founder and most F1 mice had slightly sparse hair, curly whiskers ([Fig. 1K](#F1){ref-type="fig"}), and small eyes (not shown). The L3 founder generated normal-sized litters (11 pups/litter; [Fig.1H](#F1){ref-type="fig"}). Adult L3 animals expressed NanogP8 at 2 different levels ([Fig. 1F](#F1){ref-type="fig"}), and those expressing higher levels of the transgene developed bilateral cataracts at \~3 mo of age with \~40% penetrance.

Skin phenotypes in K14-NanogP8 Tg mice
--------------------------------------

We first focused our histological analysis on the skin (the organ with the highest transgene expression and strongest phenotype) of postnatal day 5 (P5) L1 Tg animals ([Fig. 2](#F2){ref-type="fig"}; [**Fig. S1**](#SUP1){ref-type="supplementary-material"}). The skin of all WT mice at P5 was uniform in appearance, with well-developed anagen hair follicles extending deep into a thick hypodermal fat layer, and there was clear evidence of sebaceous gland differentiation ([Fig. 2A and B](#F2){ref-type="fig"}). The skin of the P5 L1 Tg mice, however, varied in appearance among the mice examined (n = 4), ranging from markedly to moderately abnormal in appearance ([Fig. 2A--D](#F2){ref-type="fig"}). The most severely affected mice had greatly reduced or absent hypodermal fat, resulting in a conspicuous phenotype of skin atrophy ([Fig. 2A and B](#F2){ref-type="fig"}; [**Fig. S1**](#SUP1){ref-type="supplementary-material"}). In these mice, hair follicles appeared crowded and misoriented, with inconspicuous dermal papillae and shortened root sheaths ([Fig. 2A and B](#F2){ref-type="fig"}), and little sebaceous gland differentiation was apparent based on both morphological observations and IHC staining for the marker protein PPAR-γ ([Fig. 2E and F](#F2){ref-type="fig"}). Three of the four P5 K14-NanogP8 animals analyzed showed increased thicknesses of both interfollicular epidermis (IFE) and dermis, based on quantification using the Aperio ScanScope digital scanning system ([Fig. 2C and D](#F2){ref-type="fig"}). Hyperkeratosis was observed in many Tg mice (e.g., [Fig. 2A, E, and J](#F2){ref-type="fig"}). Nanog protein was detected in both IFE and the outer root sheath of K14-NanogP8 Tg mice ([Fig. 2A, B, D, and H](#F2){ref-type="fig"}). IHC for suprabasal differentiation markers K1 ([Fig. 2J](#F2){ref-type="fig"}, a and b) and K10 ([Fig. 2J](#F2){ref-type="fig"}, c and d) as well as for K14 ([Fig. 2J](#F2){ref-type="fig"}, g and h) did not reveal differences between the Tg and WT epidermis. There was significantly increased cell proliferation in the IFE as revealed by Ki-67 ([Fig. 2G](#F2){ref-type="fig"}) and K6 ([Fig. 2J](#F2){ref-type="fig"}, e and f) IHC, which was confirmed by both counting ([Fig. 2H](#F2){ref-type="fig"}) and Aperio ScanScope digital scanning quantification ([Fig. 2I](#F2){ref-type="fig"}). No significant difference in apoptosis was observed between the P5 WT and L1 Tg skin as assessed by active caspase-3 and TUNEL staining (not shown).

![**Figure 2.** Skin phenotypes in P5 L1 Tg animals. (**Aand B**) H and E and Nanog IHC analysis in the skin of two P5 WT and L1 Tg animals. Nanog immunostaining was performed using anti-human Nanog Ab (R&D; [**Table S1**](#SUP1){ref-type="supplementary-material"}). For (**A**), representative low (**A--D**; objective 10×) and high (**E--H**; objective 40×) magnification images are shown. For (**B**), all original magnifications were 200×. (**C**) Quantification of IFE thickness. Four pairs of P5 WT and L1 K14-NanogP8 animals (indicated on the *x*-axis) were subjected to IFE thickness quantification in which 25 randomly selected areas (in each animal) of IFE perpendicular to the basement membrane were measured by Aperio ScanScope. Shown are the mean ± SD \**P* \< 0.05 (Student *t* test). (**D**) Quantification of dermal thickness. The same 4 pairs of P5 WT and L1 K14-NanogP8 animals were subjected to dermal thickness quantification in which 25 randomly selected positions (in each animal) of dermis through to the muscle layer (excluding the hypodermis) were measured by Aperio ScanScope. Shown are the mean ± SD ^\#^*P* \< 0.001; \**P* = 0.05 (Student *t* test). (**E and F**) The P5 L1 Tg skin shows reduced sebocytes. Shown in (**E**) are PPARγ stained images (200×) and in (**F**) quantification of sebocytes. (**G--I**) The P5 L1 Tg IFE showed increased proliferation. Shown in (**G**) are representative images of Ki-67 immunostaining in pair 1 (left) and pair 2 (right) of WT and L1 Tg epidermis. Shown in (**H**) is the quantification of Ki-67^+^ cells (a total of 500 cells counted for each in pair 1). For (**I**), the total Ki-67^+^ nuclei were quantified using the Aperio nuclear analysis algorithm over a 3 mm epidermal length. *P* value is indicated. (**J**) Cytokeratin staining in the P5 WT and Tg skin. Note prominent hyperkeratosis in the Tg skin. Original magnifications, ×200.](cc-12-2395-g2){#F2}

Next, we analyzed the skin of surviving P15 L1 Tg animals, which were still smaller than the age-matched WT animals ([**Fig. S2A**](#SUP1){ref-type="supplementary-material"}). Histologically, the epidermis of L1 Tg animals that survived past 1 wk showed subtle abnormalities, such as slightly reduced numbers of hair follicles and reduced hypodermis ([**Fig. S2B**](#SUP1){ref-type="supplementary-material"}). NanogP8 protein was detected in the basal and suprabasal layers of IFE, the outer root sheath of hair follicles, and hair bulbs of \~2-wk-old (P14-P17) L1 Tg animals ([**Fig. S2C**](#SUP1){ref-type="supplementary-material"}, c and f). Hyperkeratosis appeared to persist as revealed by K10 staining ([**Fig. S2C**](#SUP1){ref-type="supplementary-material"}, g and h). The P15 L1 epidermis did not show significantly increased Ki-67^+^ cells compared with the WT P15 IFE ([**Figs. S2C**](#SUP1){ref-type="supplementary-material"}, i--l, and [**S1D**](#SUP1){ref-type="supplementary-material"}).

The histological abnormalities observed in P5 and P15 L1 Tg skin were not apparent in L3 Tg skin. These observations suggested that high levels of NanogP8 expression in the epithelium of perinatal (≤1 wk) L1 animals resulted in a markedly abnormal skin appearance. Perhaps only mice with lower levels of NanogP8 expression and more normal-appearing skin survived to 2 wk of age. Despite the relatively normal histological appearance of the skin in surviving L1 and L3 mice, both exhibited mild generalized alopecia grossly as adults ([Fig. 1K](#F1){ref-type="fig"}).

Abnormal tongue differentiation in K14-NanogP8 Tg mice
------------------------------------------------------

L1 Tg animals were smaller than the age-matched WT littermates ([Fig. 1I and J](#F1){ref-type="fig"}; [**Fig. S2A**](#SUP1){ref-type="supplementary-material"}). In 1 of the 2 P5 and 2 of the 3 \~2-wk-old (P14--17) Tg pups we examined, no milk was apparent in the stomach, either grossly or histologically ([**Fig. S3A**](#SUP1){ref-type="supplementary-material"}; data not shown). Because abnormalities of the tongue could potentially impede feeding, we examined tongue morphology in 2 P5 and 4 P14-P17 L1 Tg animals together with age-matched WT animals ([Fig. 3](#F3){ref-type="fig"}; [**Fig. S3B**](#SUP1){ref-type="supplementary-material"}). The transgene was expressed in both basal and suprabasal layers of tongue epithelium in Tg mice ([Fig. 3](#F3){ref-type="fig"}; [**Fig. S3B**](#SUP1){ref-type="supplementary-material"}). In the P5 WT tongue, numerous mature filiform papillae were apparent ([**Fig. S3B**](#SUP1){ref-type="supplementary-material"}, top left, arrows); however, the number of mature filiform papillae in the P5 L1 Tg tongue was reduced ([**Fig. S3B**](#SUP1){ref-type="supplementary-material"}). When we compared the tongue epithelium in the P14--P17 L1 Tg and WT animals, the number of mature filiform papillae were still much reduced or even completely lacking ([Fig. 3A--C](#F3){ref-type="fig"}). Furthermore, although fungiform-like papillae were observed in the Tg tongue epithelium, they appeared to lack the taste bud normally found in the WT fungiform papillae ([Fig. 3F](#F3){ref-type="fig"}). Immunoreactivity for K13, a cytokeratin normally expressed in differentiated tongue epithelium, was overall similar in Tg and WT mice, except that there appeared to be increased numbers of K13-negative papillae in the Tg tongue ([Fig. 3E](#F3){ref-type="fig"}, e, arrows). No significant differences in Ki-67-positive cells were observed in the basal layer of the WT and Tg tongues ([Fig. 3E](#F3){ref-type="fig"}, c and d).

![**Figure 3.** Abnormal differentiation in the K14-NanogP8 Tg tongue epithelia. (**A--D**) Gross images of the P15 WT and L1 Tg tongue. A. Representative composite images of a P15 WT (top) and a P15 L1 Tg (bottom) tongue sections stained for H and E. The orientations of the sections were indicated: d, dorsal; v, ventral; l, lateral. (**B and C**) Enlarged composites showing the presence of differentiated filiform papillae in the WT tongue (B; arrowheads), which were lacking in the Tg tongue (**C**). (**D**) NanogP8 staining in the Tg tongue (original magnification, ×40). The WT tongue did not show NanogP8 staining (not shown). (**E**) Representative IHC images of P15 WT and L1 Tg tongue epithelium stained for Nanog, Ki-67, and K13. Arrows indicate increased numbers of K13-negative dermal papillae in the Tg tongue. Note that in WT epithelium the Ki-67 cells localized mainly to the base of retelike prominences (**D**, arrows) but in Tg epithelium the Ki-67 cells were often contiguous (**C**, black lines). (**F**) Representative H and E and Nanog IHC images from a pair of P17 WT and L1 Tg tongue epithelium. FP, fungiform papillae. Original magnifications, ×200.](cc-12-2395-g3){#F3}

These results, together, suggest that constitutive NanogP8 expression leads to abnormal differentiation of the lingual epithelium in L1 Tg animals. In addition to skin and tongue, many other organs examined, including the stomach ([**Fig. S3A**](#SUP1){ref-type="supplementary-material"}), thymus ([**Fig. S3C--E**](#SUP1){ref-type="supplementary-material"}), and eyes ([**Fig. S4**](#SUP1){ref-type="supplementary-material"}), in L1 mice also showed developmental defects (see [**Supplemental**](#SUP1){ref-type="supplementary-material"} "Results").

Adult K14-NanogP8 mice do not develop spontaneous tumors and are resistant to tumor induction in a two-stage skin carcinogenesis protocol
-----------------------------------------------------------------------------------------------------------------------------------------

We initially hypothesized that NanogP8 overexpression in a cellular compartment that harbors epithelial stem/progenitor cells, perhaps like Oct-4 or Sox2 overexpression,[@R26]^,^[@R27] might cause spontaneous tumor development. We followed a cohort of more than 40 K14-NanogP8 mice for upwards of 1½ years. During this interval and to date, no spontaneous tumors have been noted. Thus, NanogP8 overexpression in the K14 compartment is not sufficient for spontaneous tumor induction.

Subsequently, we asked how NanogP8 expression might impact chemical carcinogen-induced tumor development and progression by employing a two-stage skin carcinogenesis protocol.[@R31] In this widely used skin tumorigenesis model, a single sub-carcinogenic dose of a carcinogen such as DMBA is applied topically in the mouse skin to initiate mutations (e.g., mutations in the *H-ras* gene) in epidermal stem cells; this initiation step is followed 2 wk later by painting the skin with a tumor promoter such as TPA twice weekly for as long as 20--40 wk.[@R31] We recruited cohorts of WT, L1, and L3 Tg animals of 6--8 wk and applied 25 μg DMBA to the shaved dorsal skin for a two-stage carcinogenesis experiment ([Fig. 4](#F4){ref-type="fig"}). Two weeks later, we applied 12.5 μg TPA twice weekly for 24 wk, after which time the experiment was terminated ([Fig. 4A](#F4){ref-type="fig"}). In WT and L3 mice, papillomas were observed at 8 wk after TPA treatment, and by 10 wk, most animals developed papillomas ([Fig. 4B and D](#F4){ref-type="fig"}). Both WT and L3 animals also showed a time-dependent increase in the number of tumors developed ([Fig. 4C and D](#F4){ref-type="fig"}). Much to our surprise, L1 Tg mice showed a significantly lower tumor incidence ([Fig. 4B and D](#F4){ref-type="fig"}). Furthermore, the L1 animals that did develop tumors had fewer tumors per mouse ([Fig. 4C and D](#F4){ref-type="fig"}), and these tumors were uniformly smaller than the papillomas found in the WT or L3 cohorts ([Fig. 4E](#F4){ref-type="fig"}). Importantly, although papillomas in the WT and L3 Tg animals progressed to endophytic carcinomas that were attached to the underlying muscle layer, tumors in L1 animals never progressed to carcinomas ([Fig. 4D, F--H](#F4){ref-type="fig"}).

![**Figure 4.** NanogP8 expression unexpectedly inhibits tumor development. (**A**) Two-stage skin carcinogenesis timeline. (**B and C**) Graphs depicting tumor incidence (**B**) and multiplicity (**C**). \**P* \< 0.0001 for both (**B and C**) (χ2 test). (**D**) Representative images of mice bearing papillomas or carcinomas. (**E**) Tumors developed in the L1 Tg animals were significantly smaller. All tumors in each group were harvested at study's conclusion (i.e., the end of 26 wk) and weighed. The line 1 papillomas were roughly one-third the mass of those induced in WT or L3 mice (*P* \< 0.01). Shown below were representative images of WT (top) and L1 tumors. (**F**) Table depicting total tumor burden by line. WT papillomas converted to squamous cell carcinomas at \~2%, similar to the conversion rate seen in L3 animals. Papillomas in L1 mice did not progress to carcinomas. (**G**) Histological characterizations of tumors in WT and L1 animals. Shown are representative images of papilloma (a) and carcinoma (e) in WT or well-differentiated papilloma only (f) in L1 animals. Shown are also IHC staining of Ki-67, caspase-3, and NanogP8. Original magnifications: ×200 (for c, h, and j) or ×40 (the rest) (**H**) Histological and IHC characterizations of tumors arising in L3 animals (a-c, ×40; d--f, ×100).](cc-12-2395-g4){#F4}

H and E and IHC analyses revealed typical papilloma and carcinoma histological features[@R31] in WT ([Fig. 4G](#F4){ref-type="fig"}) and L3 ([Fig. 4H](#F4){ref-type="fig"}) tumors. In contrast, only papillomas were observed in L1 animals ([Fig. 4G](#F4){ref-type="fig"}, f). As expected, NanogP8 protein was detected only in Tg tumors ([Fig. 4G and H](#F4){ref-type="fig"}). Ki-67 and active caspase-3 staining did not reveal notable differences in L1 tumors vs. WT or L3 tumors ([Fig. 4G and H](#F4){ref-type="fig"}).

What could be the cellular and molecular mechanisms underlying the unexpected inhibition of carcinogen-induced tumor development in high NanogP8 expressing L1 animals? Since the primary genetic determinants of susceptibility to two-stage carcinogenesis lie in response to tumor promotion, and considering that the main molecular target of TPA is protein kinase C (PKC),[@R31] we first examined the PKCα protein levels in WT and L1 epidermis in response to TPA alone treatment. However, there was no significant difference in PKCα expression between WT and L1 mice (not shown). Likewise, TPA-only treatment for 2 wk resulted in similar epidermal and follicular proliferation, leading to overall similar levels of epidermal hyperplasia in both groups ([**Fig. S5**](#SUP1){ref-type="supplementary-material"}). Additionally, no significant difference in apoptosis was noted 48 h after treatment with DMBA alone (not shown). Overall, these results are consistent with lack of differences in proliferation or apoptosis in WT vs. L1 tumors ([Fig. 4G and H](#F4){ref-type="fig"}) and suggest that alterations in cell proliferation and/or apoptosis are unlikely to be responsible for the impaired tumor development observed in L1 animals.

Long-term wound-healing defects in adult L1 Tg skin and reduced migratory capacity in L1 Tg keratinocytes
---------------------------------------------------------------------------------------------------------

Interestingly, we consistently observed that some L1 mice in our transgenic colony bore wounded ears in the absence of fighting with littermates ([Fig. 5A](#F5){ref-type="fig"}). We therefore performed wound-healing experiments in which we removed the epidermis by abrasion with a felt wheel, a procedure that leaves the dermis and hair follicles intact.[@R32] By 1 wk post-wounding, the abraded area was largely re-epithelialized in WT but not in L1 K14-NanogP8 mice ([Fig. 5B](#F5){ref-type="fig"}, top). In fact, the wounds persisted in the L1 Tg mice even at 12 d post-wounding ([Fig. 5B](#F5){ref-type="fig"}, bottom). Forty-eight h post-wounding, the WT and Tg mice showed overall very similar responses in terms of proliferation, as measured by Ki-67 staining, and differentiation, as assessed by K6 staining ([Fig. 5C](#F5){ref-type="fig"}). We then performed an ex vivo scrape assay in which we "wounded" a monolayer of keratinocytes from newborn WT and L1 Tg mice by scraping with a pipet tip. We found that the L1 Tg keratinocytes were less able to migrate into the artificial wound than the WT keratinocytes ([Fig. 5D](#F5){ref-type="fig"}).

![**Figure 5.** Wound-healing defects in adult L1 Tg animals and migratory deficiency in L1 keratinocytes (**A**) Representative ear images of a WT mouse and a L1 Tg mouse (both \~6-mo-old). (**B**) Wound-healing defects in 3-mo-old L1 Tg. Shown on top are representative H and E images (×40) depicting that the WT epidermis completely re-epithelialized and closed the wound 1 wk after injury, whereas the L1 Tg epidermis showed disorganized and incompletely healed wound. Shown at the bottom are gross images of wounds in WT and Tg animals 12 d post epidermal abrasion. Note incomplete wound closure in the L1 Tg epidermis. The H and E and gross images shown are representative of a total 11 (for WT) and 9 (for L1 Tg) animals analyzed. (**C**) IHC staining for Ki-67 and K6 as short-term markers of proliferation and differentiation, respectively. Shown are images 48 h after wounding. Original magnifications, ×100. (**D**) Graph depicting the number of cells that migrated into scrape wound area 12 h post-scrap (left) and microscopic images of newborn keratinocyte cultures at 0 and 12 h post-scrape (right).](cc-12-2395-g5){#F5}

NanogP8 overexpression impairs keratinocyte stem cells in adult L1 Tg epidermis
-------------------------------------------------------------------------------

It is well established that the hair follicle stem cells are critical in re-epithelialization of abrasion wounds.[@R33] Also, DMBA/TPA-induced papillomas are known to arise from both IFE and the hair follicle stem cells, but carcinomas are generated from the latter only.[@R34] Moreover, impaired migration may lead to a loss of resident stem cell populations.[@R35] Our findings that the Tg mice were resistant to DMBA/TPA-induced papilloma/carcinoma development and that the Tg mice showed impaired wound healing with reduced migratory capacity in keratinocytes, led us to suspect a defect in hair follicle stem cells.

The murine hair follicles have a number of stem cell populations, chief among which are the CD34 and α6 integrin double-positive cells in the bulge region ([Fig. 6A](#F6){ref-type="fig"}). We first analyzed, by flow cytometry, the proportion of CD34^+^α6^+^ cells in age-matched WT and L1 Tg hair follicles and found that the 8-wk-old L1 K14-NanogP8 mice harbored fewer CD34^+^α6^+^ bulge stem cells than their WT counterparts ([Fig. 6B and C](#F6){ref-type="fig"}). Subsequently, we analyzed the Lrig1^+^ stem cell reservoir that can generate both sebaceous gland and IFE[@R36] ([Fig. 6A](#F6){ref-type="fig"}). The results showed that the 6--8-wk-old L1 Tg mice also had lower numbers of Lrig1^+^ cells than WT controls ([Fig. 6D and E](#F6){ref-type="fig"}). Note that all Lrig1^+^ keratinocytes were also positive for α6 ([Fig. 6D and E](#F6){ref-type="fig"}).

![**Figure 6.** Stem cell defects in L1 Tg keratinocytes. (**A**) Schematic showing mouse IFE, hair follicle, and the resident stem cell populations. (**B and C**) Reduced numbers of CD34^+^α6^+^ bulge stem cells in the L1 Tg hair follicles. Hair follicles were prepared from 8-wk-old mouse dorsal skin and CD34^+^α6^+^ bulge stem cells analyzed by flow cytometry. (**B**) Bar graph presentation of CD34^+^α6^+^ cells. (**C**) Representative flow cytometry plots of CD34 and a6 staining. (**D and E**) Reduced numbers of Lrig1^+^ stem cells in the L1 Tg hair follicles. Hair follicles were prepared from 6--8-wk-old mouse dorsal skin and Lrig1^+^α6^+^ bulge stem cells analyzed by flow cytometry. (**D**) Bar graph presentation of Lrig1^+^ stem cells. (**D**) Representative flow cytometry plots of Lrig1 and α6 staining. (**F**) qPCR analysis of 16 genes in keratinocytes prepared from 6--8 wk WT or L1 Tg animals.](cc-12-2395-g6){#F6}

To gain insight on how the overexpressed NanogP8 might have generated the observed phenotypes, we employed qPCR to analyze the expression of 16 genes ([Fig. 6F](#F6){ref-type="fig"}; [**Table S2**](#SUP1){ref-type="supplementary-material"}) whose promoters have been shown to be bound by Nanog in both human and mouse ES cells.[@R37]^,^[@R38] Interestingly, the majority (11/16) of the genes analyzed showed depressed expression in the L1 Tg keratinocytes, with Bmp5, Fgfr2, Jmjd1a, and c-Jun showing statistically significant reduction in expression ([Fig. 6F](#F6){ref-type="fig"}). The only gene significantly overexpressed in the L1 Tg keratinocytes was Bmp4 ([Fig. 6F](#F6){ref-type="fig"}).

To determine whether the gene expression profiles we uncovered ([Fig. 6F](#F6){ref-type="fig"}) have any functional relevance and based on a recent study showing that Bmp5 positively regulates the murine keratinocyte stem cell numbers,[@R39] we performed ex vivo clonal assays to assess the effect of exogenous recombinant murine Bmp5 on the clonogenicity of adult WT and L1 Tg keratinocytes plated on a layer of irradiated Swiss 3T3 cells ([Fig. 7A--C](#F7){ref-type="fig"}). The results revealed that the L1 Tg keratinocytes established fewer ([Fig. 7A](#F7){ref-type="fig"}) and smaller ([Fig. 7B and C](#F7){ref-type="fig"}) colonies than the age-matched WT keratinocytes. Whereas WT colonies were fairly large and tightly packed with cobblestone-shaped keratinocytes, colonies derived from L1 Tg keratinocytes were much smaller and more diffuse ([Fig. 7B and C](#F7){ref-type="fig"}). Exogenous murine Bmp5 dramatically increased the cloning efficiency of L1 Tg keratinocytes but did not affect the clone sizes ([Fig. 7A](#F7){ref-type="fig"}; data not shown). Bmp5 also slightly increased the cloning efficiency of WT keratinocytes though the increase was not statistically significant ([Fig. 7A](#F7){ref-type="fig"}).

![**Figure 7.** Ex vivo clonal assays in keratinocytes and c-Myc expression. (**A**) Exogenous murine Bmp5 rescues the clonogenic defects in 2--3-mo-old L1 Tg keratinocytes. Shown are the quantification of colonies arising from WT and L1 Tg keratinocytes with or without exogenous Bmp5 (top, bar graph) and representative images of keratinocyte colonies stained with Rhodamine B (bottom). *P* values for relevant comparisons are indicated. (**B**) Microphotographs showing representative WT and L1 Tg keratinocyte colonies. Original magnifications, ×100. (**C**) Scatter plot illustrating differences in colony sizes between WT and L1 keratinocytes. (**D and E**) Increased c-Myc positive cells in the P5 L1 Tg epidermis. Shown in (**D**) are representative images of c-Myc IHC in two WT and L1 Tg animals (original magnifications; 200×). Shown in (**E**) is the quantification of c-Myc positive nuclei per mm epidermal length measured using the Aperio ScanScope "nuclear" algorithm over 3 mm epidermis.](cc-12-2395-g7){#F7}

As many of the phenotypes observed in the L1 K14-NanogP8 mice are very similar to those reported in c-Myc transgenic mice,[@R35]^,^[@R40] we assessed c-Myc expression in P5 WT vs. L1 Tg epidermis. The results revealed significantly increased number of nuclear c-Myc-positive cells in Tg epidermis compared with the WT epidermis ([Fig. 7D and E](#F7){ref-type="fig"}).

Discussion
==========

The main goal of the current project is to investigate the biological functions of tumor-derived NanogP8 in an animal model. The results reveal two surprising findings. First, high constitutive NanogP8 expression in the K14 compartment causes perinatal lethality and developmental defects in multiple epithelial organs. Second, unlike inducible expression of Oct-4 or constitutive expression of Sox2, NanogP8 overexpression does not lead to tumor development. In fact, the surviving K14-NanogP8 animals show a dampened sensitivity to DMBA/TPA-induced skin carcinogenesis. Both of these findings may be related to abnormal stem cell numbers and/or properties induced by NanogP8 overexpression.

During development, the Nanog expression levels must be tightly controlled, and *Nanog* exerts gene dosage-dependent biological functions. In pre-implantation embryos, the *Nanog* gene is monoallelically expressed to control pluripotency.[@R41] In ES cell cultures, Nanog expression is heterogeneous, with both too low and too high expression detrimental to the stem cell properties.[@R42]^,^[@R43] Whether *NanogP8* retrogene expression in somatic tumor cells also has to be tightly controlled remains unknown. Interestingly, here we have observed animal phenotypes related to the transgene dosage, i.e., high levels of NanogP8 expression in L1 mice cause perinatal lethality and developmental defects, whereas lower levels of NanogP8 expression in L3 mice elicit much more subtle phenotypes and lead to overall normal animal development. In fact, many L1 K14-NanogP8 embryos probably die in utero, as the L1 litter size is much smaller than that in WT litters.

It is presently unclear how high NanogP8 expression leads to perinatal lethality and abnormal organ development, although our studies reveal a developmental time-related effect of NanogP8 expression. The majority of live-born L1 K14-NanogP8 Tg animals die within 2 wk. Analysis of perinatal (i.e., \~P5) animals shows an overall under-development and abnormal differentiation in the skin, tongue, thymus, and some other organs. In the P5 epidermis, there appears to have a hyper-proliferative response leading to follicular hyperplasia with inconspicuous dermal papillae and sebaceous glands. In other L1 P5 organs, such as the tongue, abnormal differentiation (i.e., lack of filiform papillae) is also observed. By \~2 wk of age in surviving animals, these transgene-related phenotypes abate but do not completely disappear as abnormal differentiation and organ hypoplasia can still be evident. Both 2-wk-old and adult animals that have survived the critical period are noticeably smaller than the age-matched WT animals, perhaps related to global organ atrophy. Since organogenesis and early development involve an intricate balance between stem cell commitment, progenitor cell proliferation, and terminal cell differentiation, the striking developmental phenotypes observed in L1 Tg animals imply that high levels of NanogP8 expression have disrupted the dynamic relationships between these processes.

Inducible expression of Oct-4 from *col1a1* locus causes dysplasia and tumor-like lesions in epithelial cells as a result of a block of differentiation.[@R26] Similarly, Sox2 overexpression in the mouse lung driven by the regulatory region of the human surfactant protein C gene induces abnormal lung development, hyperplasia, and adenocarcinoma.[@R27] Therefore, it came as a surprise to us that adult K14-NanogP8 Tg animals do not have increased spontaneous tumor development, especially when put in the context of our earlier observations implying potential pro-tumorigenic functions of NanogP8 in PCa.[@R9]^,^[@R15]^,^[@R25] In fact, neither L1 nor L3 K14-NanogP8 mice show obvious phenotypes in the prostate although the transgene is clearly expressed in the prostatic basal epithelial cells (unpublished observations). On the other hand, the lack of spontaneous tumor development in Tg mice might be partly explained by the fact that Nanog is only weakly oncogenic in a hepatocellular carcinoma reconstitution model.[@R44] Also, in the majority of cancer cells, NanogP8 is undetectable,[@R9] and we failed to obtain constitutive NanogP8-overexpressing cancer cell clones (unpublished observations). Even doxycycline-inducible NanogP8 expression only leads to a modest increase in NanogP8 protein in somatic cancer cells.[@R15] These latter observations in cancer cells,[@R9]^,^[@R15] coupled with studies in K14-NanogP8 animals, raise the possibility that high levels of NanogP8 expression might be "toxic" to cancer cells, which seems to be partially supported by different phenotype severities within the L1 animals and organs. Therefore, many L1 K14-NanogP8 Tg embryos perhaps die in utero, presumably due to very high levels of NanogP8 expression. Most live-born L1 animals die within 2 wk, presumably because they express higher levels of NanogP8 than those Tg animals that survive past 2 wk. Furthermore, in L1 Tg animals, the skin, which expresses the highest levels of NanogP8, also consistently manifests the most consistent and conspicuous abnormalities. Overall, our present study implies distinct and weaker oncogenic functions of NanogP8 than Oct4 and Sox2.

More surprisingly, adult L1 K14-NanogP8 mice show apparent resistance to carcinogen-induced tumor development. Several lines of evidence suggest that this resistance may be associated with NanogP8-induced reduction in and functional compromise of keratinocyte stem cells. First, impaired tumor development in L1 animals does not seem to involve alterations in cell proliferation and/or apoptosis. Second, the L1 Tg mice manifest a wound-healing defect, probably associated with reduced migratory capacity of keratinocyte stem cells. Third, adult L1 animals have significantly reduced numbers of CD34^+^CD49f^hi^ and the Lrig1^+^(CD49f^hi^) stem cells. Finally, the L1 adult keratinocytes possess reduced clonal capacity compared with the WT keratinocytes. NanogP8 overexpression-induced stem cell defects may provide a unifying explanation to developmental abnormalities, wound-healing defects, and tumor inhibition in the L1 mice. Based on the analyses of P5, P14-P17, and adult skin, a plausible scenario may be proposed in which NanogP8 overexpression, early on (P5), causes a hyperproliferative response in K14-expressing keratinocyte stem/progenitor cells leading to epidermal hyperplasia. To address this possibility, we performed preliminary immunostaining for early keratinocyte stem cell markers, Sox9,[@R45] and Lgr6[@R46] in the P5 WT and L1 Tg skin. We found that in the WT skin, nuclear Sox9 was localized in the infundibulum extending down the upper ORS in developing hair follicles ([**Fig. S6A**](#SUP1){ref-type="supplementary-material"}, top), as previously reported.[@R45] In contrast, Sox9-positive cells were reduced in both infundibulum and ORS of the misoriented hair follicles in the P5 Tg skin ([**Fig. S6A**](#SUP1){ref-type="supplementary-material"}, bottom). Similarly, in the P5 WT skin, Lgr6 was localized above the nascent bulge in central isthmus of developing hair follicles ([**Fig. S6B**](#SUP1){ref-type="supplementary-material"}, top). In contrast, the P5 L1 Tg skin showed reduced numbers and abnormal expression pattern of Lgr6-positive cells in the crowded and misoriented bulbs in the Tg skin ([**Fig. S6B**](#SUP1){ref-type="supplementary-material"}, bottom). Reduced Sox9^+^ and Lgr6^+^ primitive stem cells would suggest that these cells, even at P5, have likely been driven out of the cell cycle, leading to the expansion of more mature and more proliferative progenitors. Since Sox9^+^ and Lgr6^+^ cells are known to contribute to hair follicle morphogenesis, sebaceous gland formation, and the IFE,[@R45]^,^[@R46] their decrease and aberrant expression in K14-NanogP8 Tg likely have contributed to arrested hair follicle development, sparse sebaceous gland development, and wound-healing defects.

Continued NanogP8 overexpression in 2-wk surviving animals results in significantly reduced CD34^+^CD49f^hi^ bulge stem cells and Lrig1^+^ stem cells that give rise to both IFE and sebaceous glands, leading to epidermal hypoplasia, lack of sebaceous glands, and skin atrophy. Since CD34 and CD34^+^ bulge stem cells are required for chemical-induced skin carcinogenesis,[@R47]^,^[@R48] diminished numbers of CD34^+^ cells in adult L1 mice should contribute to the resistance in these mice to DMBA/TPA-initiated papilloma and, in particular, carcinoma development. Of note, although both follicular and interfollicular epithelial cells have been implicated in papilloma development in response to carcinogenic chemicals, CD34^+^ stem cells are necessary for carcinoma development.[@R47]

How might NanogP8 overexpression "deplete" epidermal stem cells? In adult keratinocytes, NanogP8 seems to repress most of the genes examined, including Bmp5, Fgfr2, Gli1, Jmjd1a, and c-Jun. This repression could be related to differentiation defects of the keratinocytes caused by NanogP8 overexpression. In support, we have observed that the Tg adult keratinocytes expressed higher levels of K1 and K10 mRNAs than the age-matched WT keratinocytes (Jeter et al., unpublished observations), suggesting that constitutive high levels of NanogP8 expression may not only "deplete" stem cells, but also promote keratinocyte differentiation. Regardless, reduced Bmp5 levels may be particularly relevant, as this molecule's expression directly correlates with stem cell numbers.[@R39] Indeed, exogenous Bmp5 can partially restore colony-forming ability to K14-NanogP8 keratinocytes. Reduced c-Jun levels may also have relevance, as dominant-negative c-Jun mutant mice display hyperplasia in response to TPA but show diminished papilloma formation in a complete two-stage skin carcinogenesis protocol,[@R49] just like what we have observed in the L1 mice. It is intriguing that transgenic mice overexpressing human c-Myc in the skin[@R35]^,^[@R40] display a significant phenotypic overlap with our K14-NanogP8 mice, including hair loss, wound-healing defects, and reduced keratinocyte migration and stem cell numbers, raising a possibility that some of the phenotypes in our transgenic mice are due to upregulation of mouse c-Myc. In support, the P5 L1 epidermis has a significantly increased number of nuclear c-Myc-positive cells than the P5 WT epidermis. In PCa cells, overexpressed NanogP8 occupies the c-Myc promoter region and induces its expression under certain conditions.[@R15] Taken together, the current study suggests that constitutive NanogP8 overexpression in K14 cellular compartment, probably in a c-Myc dependent manner, cause early keratinocyte stem cell hyper-proliferation leading to their eventual exhaustion. Future studies will further elucidate the effect of NanogP8 on c-Myc and other key regulators (Bmp5, c-Jun, Lrig1, etc) in modulating stem cell fate and tumor development.

It should be noted that there has been very little study on the expression pattern of Nanog in normal skin keratinocytes, either in mouse or human. Only a few studies have examined Nanog expression in melanoma. For example, Nanog expression has been shown to be increased in melanoma spheres.[@R50] Consequently, our present study sheds novel insights on the involvement of Nanog in normal development and tumorigenesis.

Materials and Methods
=====================

Generation and genotyping of K14-NanogP8 mice
---------------------------------------------

The basic procedures for establishing Tg animals have been previously described.[@R29]^,^[@R51] A *NanogP8* cDNA derived from a primary human prostate tumor (i.e., HPCa5T[@R9]) was cloned into the multiple cloning site of the pBluescript-human keratin 14 vector[@R28] (see [Fig. 1A](#F1){ref-type="fig"}). For genotyping, mouse tail snips or ear punches were collected and lysed in a solution containing 25 mM NaOH and 0.2 mM EDTA at 95°C for 30 min, after which neutralization buffer (40 mM TRIS-HCl, pH 5) was added (HotSHOT protocol[@R52]). Five μL of this sample was added to 20 μL polymerase chain reaction (PCR) reaction mixture consisting of 12.5 μL 2× GoTaq Mastermix (Promega), 5.5 μL ddH~2~O, and 1 μL each of β-globin forward primer (5′**-**GGGCAACGTGCTGGTTAT-3′) and NanogP8 reverse primer (5′-CCTTTGGGACTGGTGGAA-3′) at 10 μM. PCR was performed for 35 cycles, consisting of a standard melting step, an annealing temperature of 58 °C, and a 45 s extension at 72 °C. Products were run on a 1.5% agarose gel containing ethidium bromide and were visualized using UV light. Transgenic mice were identified as those bearing a \~300-bp product. Alpha Imager software (Alpha Innotech) was used to collect images.

Keratinocyte preparations
-------------------------

In general, for adult mouse keratinocyte preparations, the dorsal skin of 2--3-mo-old mice was shaved and Nair was applied to remove hair. Mice were sacrificed, the dorsal skin was removed, and fat was scraped from the underside of the dermis. The skins were floated in 0.25% trypsin for \~2 h, following which time the epidermis was gently scraped away from the dermis, then minced with dissecting scissors. Additional keratinocytes were dislodged from the epidermal fragments by placing the minced epidermis in a medium-containing dish with a magnetic stir bar and stirring for \~10 min. Keratinocytes were isolated by filtration through a 70-mm cell strainer or by centrifugation in a Percoll gradient.

Newborn keratinocytes were prepared by washing P1-P3 pups sequentially in Betadine, alcohol, and water, then sacrificing them by decapitation. Sacrificed pups were skinned and the tissue floated on 0.25% trypsin-EDTA for 2 h; subsequent steps were identical to those used for adult mouse keratinocyte preparation.

Hair follicle isolation and flow cytometry analysis of CD34 and CD49f (integrin α6)
-----------------------------------------------------------------------------------

Mice (8-wk-old) were shaved dorsally 2 d prior to sacrifice, and Nair was applied to remove remaining stubble. Mice were sacrificed and dorsal skin was removed. Fat was removed from the underside of the skin by thorough scraping with a curved-blade razor, and the skin was floated dermis-side-down on 5% (w/v) dispase in DMEM overnight at 4 °C. The following morning, epidermis was scraped free from the dermis, and the latter was placed in a dish containing 1% collagenase in DMEM and incubated for \~2 h at 37 °C, or until dermal disintegration was evident. Dermal remnants were then mechanically dispersed by pipetting and centrifuged for 5 min. Microscopic inspection revealed intact hair follicles at this stage. Five mL of 0.25% Trypsin-EDTA was added to the hair follicle preparations for 10--15 min until a single-cell suspension was obtained. These cells were then centrifuged at 1000 rpm for 5 min, resuspended in 100 μL of PBS, and incubated with appropriate fluorophore-conjugated antibodies (to CD34 and CD49f). Flow cytometry was performed on a BDAria cytometer (Becton Dickinson) and all flow cytometry data was analyzed using the FlowJo software program.

Epidermal keratinocyte isolation for analysis for Lrig1 expression
------------------------------------------------------------------

Keratinocytes were isolated from telogen dorsal skin of 6--8-wk-old mice using thermolysin.[@R53] Briefly, the back skin strips were sequentially rinsed in 10% Betadine, PBS, 70% ethanol, and PBS. The dermal side was thoroughly scraped to remove excess fat, and then the tissue was floated in 0.25 mg/ml Thermolysin (Sigma) in calcium-free KBM Gold medium (Lonza) for \~1 h at 37 °C. The epidermis was scraped from the dermis, minced with dissecting scissors, and dispersed by gentle pipetting. Keratinocytes were further liberated by stirring the epidermal fragments using a magnetic stir bar. Thermolysin was inactivated by adding media containing FBS, and the cells were washed with PBS, then pelleted and resuspended in 100 μL PBS for labeling with anti-CD49f and anti-Lrig1 antibodies ([**Table S1**](#SUP1){ref-type="supplementary-material"}). Flow cytometry data was analyzed using the FlowJo software program.

Two-stage carcinogenesis experiments
------------------------------------

The dorsal skin of 6--8-wk-old mice in telogen was shaved two days prior to application of 25 μg 7,12-dimethylbenz(a)anthracene (DMBA) in 200 μL acetone. Two weeks later, and for the 24-wk duration of the study, dorsal skin was treated twice weekly with 12.5 μg 12-O-tetradecanoylphorbol 13-acetate (TPA) in 200 μL acetone. Papillomas were counted weekly, and carcinomas were evaluated visually and confirmed histologically. Mice were sacrificed prior to the study's completion if the combined tumor burden was excessive, if morbidity was noted, or if a single tumor exceeded acceptable size limits as prescribed by IACUC guidelines. Both female and male FVB mice were used in this study but were never housed together. Moreover, males were housed in small numbers in order to minimize aggressive behavior (none was noted), which could confound tumor data. At the study's conclusion, tumors were harvested, counted, weighed, photographed, and histologically analyzed.

In some experiments, the dorsal skin of mice in telogen was treated once with DMBA or repeatedly with TPA alone (every other day for 2 wk). Forty-eight hours (for DMBA) or 2 wk (for TPA) after treatment, dorsal skin was collected and prepared for immunohistochemistry.

Statistics
----------

The Mann Whitney non-parametric rank sum test was used to assess statistical significance between mean tumor multiplicities in the two-stage carcinogenesis protocol. Tumor incidences were compared using the chi-square test. All other comparisons between the means were made using the Student *t* test.
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